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1306Objective: To analyze the impact of surgery and pericardial integrity on right atrial function and total heart
volume variation in the setting of pulmonary valve insufficiency.
Methods: Right atrial function and total heart volume variation were analyzed in 2 subgroups of patients with
pulmonary valve insufficiency compared with healthy controls: group 1 with surgically repaired tetralogy of
Fallot (n ¼ 20 patients) and group 2 after balloon angioplasty of pulmonary valve stenosis in patients with
isolated valve disease without surgery (n ¼ 7 patients). Volumetric analysis of magnetic resonance imaging
data revealed parameters of atrial function (reservoir, conduit, and pump functions and cyclic volume change)
and of total heart volume (end-diastolic and end-systolic total heart volume and the variation). Statistical
analysis included uncorrected and corrected pairwise comparisons and the calculation of groupwise Pearson
correlation coefficients.
Results: In group 1 with a pulmonary regurgitation fraction of 31.0% 14.9%, right atrial function was clearly
impaired, with reduced reservoir and elevated conduit function, and total heart volume variation was elevated
to 13.9%  3.4%. In group 2 with a pulmonary regurgitation fraction of 22.8%  6.9%, the values were close
to normal, with unaffected atrial function and a total heart volume variation of 9.9%  3.3%.
Conclusions: The hydrodynamic effect of pulmonary valve insufficiency alone is likely not the only reason for
impaired right atrial function and elevated total heart volume variation in patients with tetralogy of Fallot; it is
rather the scar in the right atrium, the injured pericardium, and the disease itself that are responsible for the
energetically unfavorable alterations. (J Thorac Cardiovasc Surg 2014;147:1306-11)Pulmonary valve disease, presenting as regurgitation and/or
stenosis, affect right ventricular function in many settings of
congenital heart disease. Because the optimal timing for
pulmonary valve replacement in pulmonary valve insuffi-
ciency in the asymptomatic patient with tetralogy of Fallot
(TOF) is still not defined,1 studies with detailed analysis of
right and left ventricular characteristics and ventricular inter-
action,2-4 as well as atrial function and atrioventricular
interaction,5 are undertaken for a better risk stratification,
because heart failure and life-threatening arrhythmias are
dreaded.6
In our previous work, we detected impaired right atrial
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The Journal of Thoracic and Cardiovascular Surafter surgical repair of TOF, with only moderate systolic
and diastolic right ventricular dysfunction.5 This was repro-
duced by Luijnenburg and colleagues,7 who described asso-
ciated impaired clinical conditions. Overall, data on
detailed analysis of atrial function in congenital heart dis-
ease are sparse. Regular atrial function8,9 and a constant
total heart volume10 have a positive impact on global car-
diac output and are reported to be favorable energetically.
Total heart volume variation is closely related to atrial func-
tion. Volume variations of the content of the pericardial sac
occur throughout the cardiac cycle, because, in early ven-
tricular systole, ventricular outflow is greater than atrial
filling and composes 5% to 8%, with a notable interindi-
vidual variation.10,11
In this study, we sought to evaluate the potential influence
of surgery and pericardial integrity on right atrial function
and total heart volume variation in the setting of pulmonary
regurgitation. Therefore, healthy controls were compared
with patients with pulmonary valve insufficiency after
surgical repair of TOF and a group of patients with pul-
monary valve insufficiency after balloon angioplasty of
isolated pulmonary valve stenosis without preceding or
subsequent surgery.METHODS
Study Population
Twenty asymptomatic patients with repaired TOF, 7 asymptomatic
patients with pulmonary valve insufficiency after balloon angioplasty ofgery c April 2014
Abbreviations and Acronyms
ANCOVA ¼ analysis of covariance
MRI ¼ magnetic resonance imaging
THV-ED ¼ end-diastolic total heart volume
THV-ES ¼ end-systolic total heart volume
THVV ¼ total heart volume variation
TOF ¼ tetralogy of Fallot
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history were included in the study. The patients with repaired TOF and
healthy controls had been studied previously,5 after random selection
from the database of the German Competence Network for Congenital
Heart Defects (http://www.kompetenznetz-ahf.de) from 1 center. Patients
with pulmonary valve insufficiency after pulmonary valve stenosis were re-
cruited from routine magnetic resonance imaging (MRI) at the same center
between August 2009 and April 2012. Exclusion criteria for all patients
were as follows: existence of mitral or aortic valve insufficiency and
tricuspid valve insufficiency greater than grade 1 in echocardiographic
studies; and stenosis (>55 mm Hg) of the pulmonary outflow and arteries,
assessed morphologically and reflected by elevated right ventricular peak
systolic pressure, as calculated by echocardiography via tricuspid regurgi-
tation. Sinus rhythm in the electrocardiogram was mandatory. Surgical re-
cords of patients with TOF were reviewed where available, with special
regard to opening of the right atrium and fate of the pericardium at the
end of the operation. The study was approved by the institutional research
ethics committee, and written informed consent was obtained from the
participants or their guardians.
Magnetic Resonance Imaging
Imaging of patients with TOF and healthy controls was done within the
framework of the German Competence Network for Congenital Heart
Defects (http://www.kompetenznetz-ahf.de). Patients with pulmonary
valve insufficiency after balloon angioplasty of pulmonary valve stenosis
were imaged with the same protocol. For volumetric analysis, a stack of
cine images in axial orientation was acquired at end expiration, covering
the whole heart.12 Slice thickness was 6 mm with 0 gap, and the spatial
resolution was 1.4 3 1.4 3 6 mm3. The mean temporal resolution of 33
milliseconds, depending on the heart rate, was achieved with 25 phases
per cardiac cycle.
Blood flow was measured in the pulmonary trunk with through-plane,
velocity-encoded, cine MRI.12 Sequence parameters were as follows:
repetition time/echo time, 5.1/3.0 milliseconds; flip angle, 15; and encod-
ing velocity, 200 to 300 cm/s.
Image Analysis
For image analysis, the software View Forum, release 6.3 V1L7 SP1
(Philips Medical Systems, Irvine, Calif) was used. Blood flow measure-
ments revealed effective stroke volumes and regurgitation fractions. For
volumetric analysis of the right ventricle,12 the right atrium,5,13 and the
total heart, contours were manually traced in every slice of the stack of
axial cine MR images using the Simpson rule. The atrial appendages
were included in the measurement of atrial volumes; superior and
inferior caval veins, coronary sinus, and pulmonary veins were excluded
at their junction to the atrium.5
Right Ventricular Function
End-diastolic volume, end-systolic volume, and ejection fraction were
determined.12 Volumes were indexed by dividing them by the body surface
area.The Journal of Thoracic and CarRight Atrial Function
For a detailed analysis of atrial function, the following parameters were
measured: maximal volume at ventricular end systole, minimal volume at
ventricular end diastole, and cyclic volume change by subtraction of
minimal from maximal volume, all indexed to the body surface area.13
Dividing the cyclic volume change by the maximal atrial volume,
multiplied by 100, resulted in the total atrial filling fraction.
Reservoir volume was calculated by subtracting minimal atrial
volume at mid diastole from maximal atrial volume (Figure 1).5
Pump volume was calculated by subtracting minimal atrial volume
from maximal atrial volume at mid diastole. Conduit volume resulted
after subtraction of the sum of reservoir and pump volume from the
effective stroke volume, which was quantified by flow measurement
in the pulmonary trunk. Reservoir, conduit, and pump functions were
expressed as a percentage of the effective stroke volume. The terms
systole and diastole always refer to ventricular systole and ventricular
diastole, respectively.Total Heart Volume Variation
To measure the entire content of the pericardial sac, contours were
manually traced in each slice of the stack at ventricular end diastole and
end systole, along the pericardial border (Figure 2), which revealed
end-diastolic and end-systolic total heart volumes (THV-ED and THV-
ES, respectively) in mL. The volumes were indexed to the body surface
area. Total heart volume variation (THVV), in percentage, was calculated
according to the following formula:
THVV ½% ¼ ðTHV-ED ½mL  THV-ES ½mLÞ=THV-ED ½mL3 100:
Statistical Analysis
All parameters of ventricular and atrial size and function and total heart
volume are reported as means and SDs. Because graphical analysis of
parameters showed an approximately gaussian distribution, a 1-way
analysis of covariance (ANCOVA) of all 3 groups was performed. By using
arguments of closed testing procedures, the familywise type I error for the
pairwise comparisons was maintained by performing unadjusted paired
tests (least significant difference) and combining the resulting P values
with that of the global ANCOVA P value. The final P value was the
maximum of the pairwise and global P value. These computations were
done with SPSS 17.0 (SPSS, Inc, Chicago, Ill).
To account for possible differences in important patient characteristics
among the 3 patient groups, all computations were repeated with
pulmonary regurgitation and body surface area as corrective covariables
(ANCOVA). In cases of significant effects of the covariables, these were
considered in detail by the calculation of groupwise Pearson correlation
coefficients between the covariables and the target variable. SAS 9.2
(SAS Institute, Inc, Cary, NC) was used for the latter testing.
Pearson correlation was also computed for total heart volume variation
and right atrial conduit function.RESULTS
Patient Characteristics
Twenty patients with repaired TOF (aged 19.5  8.9
years; body surface area, 1.6  0.3 m2; 8 men and 12
women), 7 with pulmonary valve insufficiency after balloon
angioplasty of pulmonary valve stenosis (aged 14.0  4.2
years; body surface area, 1.4 0.4m2; 3men and 4women),
in the following also entitled as ‘‘pulmonary stenosis
patients,’’ and 7 healthy controls (aged 24.6  8.7 years;diovascular Surgery c Volume 147, Number 4 1307
FIGURE 1. Atrial function. Shown is an exemplary atrial time volume
curve of a healthy control with assessment of parameters of atrial function.
Although reservoir, pump, and cyclic volume changes are calculated from
atrial volumes at special time points (see Methods), the conduit volume is
calculated by the subtraction of the sum of reservoir and pump volume
from the effective stroke volume of the right ventricle, measured as
effective forward flow in the pulmonary trunk. Vol. max., Maximum
volume; Vol. min., minimum volume.
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without cardiac medical history were enrolled in the study.
The right ventricular systolic pressure, as assessed via
mild tricuspid valve insufficiency by echocardiography,
was slightly elevated to 40  14 mm Hg in the patients
with TOF and to 31 3 mm Hg in the patients with pulmo-
nary stenosis.
Patients’ age at balloon valvuloplasty of the pulmonary
valve ranged from 5 days to 6 years (1.5  2.5 years).
One infant had repeated interventions.
Ten of the patients with TOF had palliations before
corrective surgery. Corrective surgery was performed with
transannular patch (n ¼ 9), without transannular patch
(n ¼ 2), or with valved conduit insertion (n ¼ 9). Four
patients were corrected late, with an age ranging fromFIGURE 2. Tracing of the pericardial contours on the transversal cine images in
of Fallot. Extrapericardial fat was excluded (arrowhead).
1308 The Journal of Thoracic and Cardiovascular Sur11 to 23 years, and the other 16 patients were 2.0  1.3
years old at primary correction. Four patients had repeated
surgery, and at the time of MRI, 9 had a homograft or
heterograft.
All patients whose operation records were available had
atrial opening during surgery, the incision being described
as marginal in 23%, diagonal in 31%, transverse in 15%,
and without specification in 31%. Pericardial integrity
was restored (‘‘loosely adapted’’) with the use of a surgical
membrane in 62% of patients, and there was no statement
about the fate of the pericardium in the remaining 38%.
In 1 patient, a pericardectomie was documented with
unknown reason 3 months after corrective surgery.Right Ventricular Function and Pulmonary
Regurgitation
Right ventricular volumes were enlarged in both patient
groups compared with healthy controls, caused by pulmo-
nary regurgitation, which was slightly higher in the patients
with TOF (31.0%  14.9%) compared with the patients
with pulmonary stenosis (22.8%  6.9%; P ¼ .1287).
Results of right ventricular volumetric analysis are
listed in Table 1. Results of statistical testing are specified
in Table 2.Right Atrial Function
A comparison of maximal and minimal volumes of
the right atrium revealed minor differences between the
3 groups (Table 1). The cyclic volume change was clearly
reduced in patients with TOF (P < .0001) and slightly
reduced in patients with pulmonary stenosis (P ¼ .3681)
compared with healthy controls. Patients with TOF had
abnormal values for all parameters of atrial function,
whereas in the patients with pulmonary valve stenosis, atrial
function was nearly normal (Tables 1 and 2).
Corrected for pulmonary regurgitation, the results were
unaffected, as specified in Table 2. When corrected for pul-
monary regurgitation and body surface area, the results
were similar.ventricular diastole (A) and systole (B) in a patient after repair of tetralogy
gery c April 2014
TABLE 1. Parameters of right ventricle, right atrium, and total heart
Parameter TOF patients PS patients
Healthy
controls
Right ventricle
RV-EDV, mL/m2 135.2  27.9 112.0  38.0 102.0  17.4
RV-EF,% 48.0  4.1 61.5  5.4 55.6  4.2
Right atrium
RA vol. max., mL/m2 50.8  17.1 59.3  10.9 57.3  9.3
RA vol. min., mL/m2 29.8  11.7 27.3  9.8 22.5  4.9
Cycl. vol. change, mL/m2 21.1  6.5 32.0  4.1 34.9  5.4
Filling fraction,% 42.3  8.2 55.0  8.1 61.0  4.2
Reservoir function,% 26.1  9.2 42.7  10.4 41.0  3.4
Conduit function,% 56.2  12.6 26.9  13.3 35.2  5.5
Pump function,% 17.8  6.0 30.2  9.1 23.9  6.3
Total heart
TH-EDV, mL/m2 439.0  68.9 367.2  57.9 387.8  35.6
TH-ESV, mL/m2 378.3  65.2 330.2  46.5 357.3  32.2
THVV,% 13.9  3.4 9.9  3.3 7.8  2.3
Values are means  SD. TOF, Tetralogy of Fallot; PS, primary pulmonary stenosis;
RV-EDV, right ventricular end-diastolic volume; RV-EF, right ventricular ejection
fraction; RA vol. max., maximal right atrial volume; RA vol. min., minimal right atrial
volume; Cycl. vol., cyclic volume; TH-EDV, end-diastolic total heart volume;
TH-ESV, end-systolic total heart volume; THVV, total heart volume variation.
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tion was higher (Pearson correlation, 0.637; P ¼ .003)
and conduit function lower (Pearson correlation, 0.650;
P ¼ .002) in the patients with TOF, whereas in the patients
with pulmonary valve stenosis, maximal volume (Pearson
correlation, 0.762; P ¼ .047) and cyclic volume change
(Pearson correlation, 0.868; P ¼ .011) were lower.TABLE 2. Results of statistical testing (P values)
Parameter
Uncorrected
ANOVA
Uncorrected pairwise
comparison
All 3 groups C vs PS C vs TOF PS vs TOF
RV-EDV .0236* .5156 .0236* .0738
RV-EF <.0001* .0174* .0004* <.0001*
PR <.0001* .0030* <.0001* .1287
RA vol. max. .3537 .8087 .3537 .3537
RA vol. min. .2867 .3913 .2867 .5870
Cycl. vol. change <.0001* .3681 <.0001* .0002*
Filling fraction <.0001* .1440 <.0001* .0006*
Reservoir function .0001* .7093 .0004* .0001*
Conduit function <.0001* .1973 .0003* <.0001*
Pump function .0006* .0805 .0483* .0006*
TH-EDV .0227* .5376 .0680 .0227*
TH-ESV .1623 .3793 .4040 .1623
THVV .0002* .2414 .0002* .0073*
BSA .0279* .0279* .0483* .1850
Corrected pairwise comparison indicates corrected for pulmonary regurgitation; for deta
variance; ANCOVA, analysis of covariance; C, healthy controls; PS, primary pulmonary st
cular end-diastolic volume; RV-EF, right ventricular ejection fraction; NA, not applicable;
Cycl. vol., cyclic volume; TH-EDV, end-diastolic total heart volume; TH-ESV, end-systo
*Significant differences are in bold.
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The total heart volume variation was notably higher in
patients with TOF and slightly elevated in patients with pul-
monary valve stenosis, compared with healthy controls
(Table 1). The patient with documented pericardectomy
had the highest total heart volume variation (20.3%).
Comparing the 2 patient groups, the values of the pulmo-
nary valve stenosis group were closer to normal. The results
were unaffected by pulmonary regurgitation and body
surface area, as tested by analysis of covariance. The
mean difference of total heart volume variation between
patients with TOF and healthy controls was 7.6% (95%
confidence interval, 3.1%-11.4%), when corrected for pul-
monary regurgitation and body surface area.
There was a positive correlation between total heart
volume variation and right atrial conduit function in both
patient groups (Pearson correlation of 0.472 [P ¼ .036] in
patients with TOF and Pearson correlation of 0.853
[P ¼ .015] in patients with pulmonary stenosis).DISCUSSION
The analysis of right atrial function and total heart
volume variation in the setting of pulmonary regurgitation,
with and without previous surgery, reveals major differ-
ences. In the studied patients with TOF and pulmonary
regurgitation after surgical repair, atrial dysfunction and a
considerably elevated total heart volume variation are pre-
sent. Both changes are disadvantageous energetically.8,10
In contrast, in patients with pulmonary valve insufficiencyFor PR
corrected ANCOVA
Corrected pairwise
comparison
Corrected
pairwise
comparison
All 3 groups PR C vs PS C vs TOF PS vs TOF
.2836 .2871 .9775 .2836 .2836
<.0001* .3645 .0979 .0016* <.0001*
NA NA NA NA NA
.1914 .2575 .7174 .1914 .1914
.8623 .3952 .8623 .8623 .8623
<.0001* .1797 .1468 <.0001* .0001*
.0002* .7280 .1561 .0002* .0008*
<.0001* .0014* .1756 <.0001* <.0001*
<.0001* .0016* .6878 <.0001* <.0001*
.0004* .1962 .3642 .0223* .0004*
.0161* .2786 .9914 .0418* .0463*
.1211 .4056 .7316 .2426 .1211
.0010* .3212 .1342 .0010* .0049*
.0778 .8678 .0778 .1954 .1935
iled description of the statistical methods used, see Methods. ANOVA, Analysis of
enosis; TOF, tetralogy of Fallot; PR, pulmonary regurgitation; RV-EDV, right ventri-
RA vol. max., maximal right atrial volume; RA vol min., minimal right atrial volume;
lic total heart volume; THVV, total heart volume variation; BSA, body surface area.
diovascular Surgery c Volume 147, Number 4 1309
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parameters of atrial function and total heart volume
variation are close to normal. Thus, the hydrodynamic
effect of pulmonary regurgitation alone does not seem to
be the leading cause for the observed changes in patients
with TOF.
Variations of the total heart volume during the cardiac
cycle have been described before in the healthy group10,11
and match with the presented results in the control group
(approximately 8%). Concerning energy expenditure, in
theory, a low total heart volume variation is most
efficient, because the surrounding structures have to be
moved to a lesser extent. To save energy, the healthy heart
has several features to keep the volume inside the
pericardial sac constant during the cardiac cycle. The
atria, especially the atrial appendages, acts as a reservoir
during ventricular systole and fills out the space resulting
from ventricular contraction.10,14 Hence, unimpaired
function of both atria, especially their reservoir function,
plays an important role in total heart volume constancy.
When comparing right with left atrial function, the right
atrium has a higher reservoir and the left atrium a higher
conduit function,5,15 which can be explained by the more
appendage-like structure of the right atrium in its entirety.16
The right atrium plays a crucial role in total heart volume
constancy. If the reservoir function of the atria during rapid
emptying of the ventricles in systole is reduced, as is the
case in the right atrium in the studied patients with TOF, a
higher right atrial conduit flow is necessary to fill the right
ventricle adequately during diastole.5 The conduit volume
passes the atrium without changing its size and fills the
ventricle directly, somewhat like a continuous venous
flow return. It compensates for volume reduction during
rapid ventricular emptying in systole, which is not compen-
sated by atrial reservoir capacity, and generates the volume
variation of the heart during the cardiac cycle. This has been
demonstrated for the left side of the heart by Bowman and
Kovacs17: the higher the conduit flow, the higher the total
heart volume variation. The present study verifies this for
the right side of the heart, because there is a strong positive
correlation between right atrial conduit function and total
heart volume variation. The elevation of conduit function
has been associated with reduced cardiac output.8
Normal pericardial function is important for regular atrial
function as well,8 and also seems to play a role in the
maintenance of a constant heart volume. In patients before
and after coronary bypass surgery, in whom the pericardium
was loosely opposed by 2 to 4 stitches, but not closed, the
total heart volume variation was slightly, but significantly,
elevated from 6.9%  0.5% to 7.5%  0.4% after
surgery.18 In 1 patient with absent pericardium, total heart
volume variation was elevated to 12%19; in 1 of our patients
with TOF, it was elevated even to 20.3% after pericardec-
tomy. The inserted surgical membrane or absent pericardial1310 The Journal of Thoracic and Cardiovascular Surintegrity in our patient group with TOF after surgery could
contribute to the augmented total heart volume variation
and also to atrial dysfunction. Atrial dysfunction can be
caused by surgery as well, because the right atrium is usu-
ally opened in patients for TOF correction. The negative in-
fluence of a pericardiotomy on left atrial function has been
shown in a porcine model, where reservoir and pump func-
tions were reduced, independently of an additional Cox
maze procedure.20 On the other hand, a procedure named
pericardial meshing, which means 20 to 30 longitudinal
small incisions by scalpel, was associated with an increase
of left ventricular chamber compliance and cardiac output
in dogs.21 However, atrial function and total heart volume
variation were not assessed in this study.
With the present study, it is shown that right atrial dysfunc-
tion in patients with TOF5,22 is associated with an elevated
total heart volume variation. In the studied patients with a
pure pulmonary valve problem, the otherwise healthy heart
seems to be able to compensate for pulmonary reverse
flow, because parameters of atrial function and total heart
volume variation are the same as in the studied healthy
controls. The mechanism could be the elevated pump
function of the right atrium, albeit this elevation is without
statistical significance, and a higher filling of the right
ventricle in early diastole. In the studied patients with
TOF, ventricular filling is not elevated,5 and atrial pump
function is even reduced. The energetically unfavorable
conduit flow is elevated as a mechanism of compensation,
as previously described.
The development of arrhythmias is a well-known pro-
blem in patients with TOF, and, in addition to other factors,
atrial enlargement and repeated cardiac surgical procedures
induce atrial arrhythmias.23 Zeltser and colleagues24
showed, in an animal model, that right ventricular volume
overload is also responsible for atrial arrhythmias. In our
studied patients with TOF, right atria were not enlarged,
and all patients were in sinus rhythm. Further studies are
warranted, because we cannot conclude from the presented
findings if the observed changes in atrial function might
evoke late rhythm problems.
Limitations of this study are the few patients with
pulmonary stenosis and their younger age and lower body
surface area. However, the corrected statistical testing for
the latter parameter did not affect the results. The compa-
rison of patients with TOF with patients with pulmonary
stenosis is somewhat disadvantageous because 2 different
pathologic entities are compared. However, for assessment
of the hydrodynamic effects of pulmonary regurgitation, it
is an acceptable compromise. The natural history of
patients with isolated congenital pulmonary valve incom-
petence, studied nearly 30 years ago, has led to the
consideration of inserting a pulmonary valve in patients
with TOF with pulmonary regurgitation and increasing
cardiomegaly.25gery c April 2014
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variation and reduced atrial reservoir function is not
quantified, which should be a subject for future research.
In conclusion, right atrial function and total heart volume
variation can be normal in the presence of pulmonary
regurgitation, as shown in the patients with primary
pulmonary valve stenosis. Hence, the hydrodynamic effects
of pulmonary valve insufficiency alone are likely not the
only reasons for atrial dysfunction and elevated total heart
volume variation in the studied patients with TOF. It is
rather the scar in the right atrium, the injured pericardium,
and the disease itself that are responsible for the observed
energetically unfavorable alterations.
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